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M P p ﬂ ‘ Gompact opto-semiconductors with excellent photon counting capability
Multi-Pixel Photon Gounter

New type of Si Photon-counting Device

The MPPC (Multi-Pixel Photon Counter) is a new type of photon-counting device made up of
multiple APD (avalanche photodiode) pixels operated in Geiger mode. The MPPC is essentially
an opto-semiconductor device with excellent photon-counting capability and which also pos-
sesses great advantages such as low voltage operation and insensitivity to magnetic fields.

Features

- Excellent photon-counting capability (Excellent detection efficiency versus number of incident photons)

- Low bias (below 100 V) operation -
- High gain: 10° to 10° -

T inonsitve to magretcfiods |
"~ Ecolentumeresotution |
T maeze 1
 Simple oadoutcroutoperation '\

- MPPC module available (option)

What is the

MPPC ?

The MPPC is a kind of so-called Si-PM (Silicon Photomul-
tiplier) device. It is a photon-counting device consisting
of multiple APD pixels operating in Geiger mode. Each
APD pixel of the MPPC outputs a pulse signal when it de-
tects one photon. The signal output from the MPPC is
the total sum of the outputs from all APD pixels. The
MPPC offers the high performance needed in photon
counting and is used in diverse applications for detecting-
extremely weak light at the photon-counting level.
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Photon counting by MPPC

The light we usually see consists of a stream of light particles
(photons) that produce a certain brightness. When this
brightness falls to a very low level, the incoming photons
are now separate from each other. Photon counting is a
technique to measure low light levels by counting the num-
ber of photons. Photomultiplier tubes and APDs (avalanche
photodiodes) are the most popular photon-counting devices.

:I Operating principle example of APD
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APDs are high-speed, high-sensitivity photodiodes that internal-
ly amplify photocurrent when a reverse voltage is applied.

When the reverse voltage applied to an APD is set higher than
the breakdown voltage, the internal electric field becomes so
high that a huge gain (10° to 10°) can be obtained. Operating an
APD under this condition is called “Geiger mode” operation. Dur-
ing Geiger mode, a very large pulse is generated when a carrier
is injected into the avalanche layer by means of incident photon.
Detecting this pulse makes it possible to detect single photons.
One pixel consists of a Geiger mode APD to which a quenching
resistor is connected. An MPPC is made up of an array of these
pixels. The sum of the output from each pixel forms the MPPC
output, which allows the photons to be counted. HAMAMATSU
MPPC has high sensitivity to short wavelength light emitted
from commonly used scintillators. Its structure allows a high fill
factor to ensure high photon detection efficiency.

:I Connection example (MPPC output signal is displayed on an oscilloscope.)

Trigger
Pulse (Light output timing) | -

light source

I Oscilloscope

Optical
attenuator
Optical fiber
. Amplified
Pulsed light J MPPC signal
— —  Amp
MPPC
MPPC Amp
power supply power supply

KAPDCO028EA

Excellent photon counting capability

The MPPC delivers superb photon-counting performance.
Connecting the MPPC to an amplifier will show sharp wa-
veforms on an oscilloscope according to the number of
detected photons.

Pulse waveform when using an amplifier (120 times)
(S$10362-11-050U, M=7.5 x 10%)

Number of photons

Time

The fact that the individual peaks are clearly separate
from each other in the pulse height spectrum below,
proves there is little variation between the gains of APD
pixels making up the MPPC.

Pulse height spectrum when using charge amplifier
(S10362-11-025U, M=2.75 x 105)
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Specifications

:l Active area 1 x 1 mm type (Typ. unless otherwise noted, Ta=25 °C)

=%

S10362-11-025U
/-050U/-100U

$10362-11-025C
/-050C/-100C

= B NEW

$10362-33-025C
/-050C/-100C

3

S10362-11 series

Parameter Symbol ™05y, “025¢ | -050U, -050C | -100U, -100c | O™t
Chip size - 1.56x15 mm
Effective active area - 1x1 mm
Number of pixels - 1600 400 100 -
Pixel size - 25 x 25 50 x 50 100 x 100 um
Fill factor *' - 30.8 61.5 78.5 %
Spectral response range A 270 to 900 nm
Peak sensitivity wavelength Ap 400 nm
Quantum efficiency (A=Ap) QE 70 Min. %
Photon detection efficiency *? (A\=Ap) PDE 25 [ 50 65 %
Recommended operating voltage range - 70+ 10 *3 V
Dark count - 300 400 600 kcps
Dark count Max. - 600 800 1000 keps
Terminal capacitance Ct 35 pF
Time resolution (FWHM) - 200 to 300 ps
Temperature coefficient of reverse voltage - 50 mV/°'C
Gain M 2.75 x 10° 7.5 x 10% 2.4 x 108 -

Active area 3 x 3 mm type **
[Typ. unless otherwise noted, Ta=10 °C (S10362-33-025C/-100C), Ta=25 °C (S10362-33-050C)]
S10362-33 series .

Parameter Symbol 025C ‘ ~050C ‘ 7700C Unit
Chip size - 3.5x3.5 mm
Effective active area - 3x3 mm
Number of pixels - 14400 3600 900 -
Pixel size - 25 x 25 50 x 50 100 x 100 um
Fill factor *' - 30.8 61.5 78.5 %
Spectral response range A 270 to 900 nm
Peak sensitivity wavelength Ap 400 nm
Quantum efficiency (A=Ap) QE 70 Min. %
Recommended operating voltage range - 70+ 10" V
Dark count - 1.5 3 3.5 Mcps
Dark count Max. - 5 5 5 Mcps
Terminal capacitance Ct 320 pF
Gain M 2.75 x 10° 7.5 x 10° 2.4 x 108 -

*1: Ratio of the active area of a pixel to the entire area of the pixel.

*2: Photon detection efficiency includes effects of crosstalk and afterpulses.
*3: For the recommended operating voltage of each product, refer to the data attached to each product.
*4: Shipment of samples will start from January 2008.

Note: Each value was measured at recommended operating voltage (refer to the data attached to each product).

The last letter of each type number indicates package materials (U: metal, C: ceramic).



:l Dimensional outlines (unit: mm)
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:I Basic connection diagram for MIPPC
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MPPC

:I =1 [Taallaz1a%4| Future MPPC designs

HAMAMATSU has been developing and producing a variety of MPPC devices to make them even easier to use and more beneficial in

more applications.

Effective . Pixel size
Type Image I — Number of pixels (km) Package
Plastic type [ 5 ¥ 1x1mm 1600 25 x 25 Plastic
. 667 50 x 50
Ceramic type 1.3x 1.3 mm Ceramic
| 165 100 x 100
&
1600 25 x 25
-
Surface mount type | 1x1mm 400 50 x 50 Plastic
e
100 100 x 100
14400 25 x 25
Surface mount type 3x3 mm 3600 50 x 50 Plastic
@
1S
<
® 900 100 x 100
2
3]
IS
g 14400/element 25x 25
5
6 x 6 mm
Array type (2 x 2 array) 3600/element 50 x 50 Ceramic
i 900/element 100 x 100

5



GEIETEL NG (T 8 MIPPC module

C10507-11 series

The MPPC module is a photon counting module capable of low-
light-level detection. This module consists of an MPPC device, cur-
rent-to-voltage converter circuit, high-speed comparator circuit,
high-voltage power supply circuit, temperature-compensation cir-
cuit, counter circuit, and microcomputer. The module also has a
USB port for connecting to a PC. The threshold level (detection lev-
el for one photon) can be changed from a PC. The MPPC module is
designed to extract maximum MPPC performance and so yields ex-
cellent photon counting characteristics. Potential applications in-
clude, fluorescence measurement, DNA analysis, environmental
chemical analysis and high energy physics experiments, as well as
many other areas in a wide range of fields.

:I Specifications (Typ. Ta=25 °C, unless otherwise noted)

. C10507-11 series .
Parameter Symbol Condition 025U | -025C | 050U | -050C | -100U | -100C Unit
S10362-11 series
Internal MPPC ) -025U | -025C | -050U | -050C | -100U | -100C ]
Effective active area - 1x1 mm
Number of pixels - 1600 \ 400 \ 100 -
Peak sensitivity wavelength Ap 400 nm
Analog output voltage - 100 mV/p.e.
Dark count - 0.5 p.e. 500 600 900 keps
Photon detection efficiency *® PDE A=Ap 25 50 65 Y%
Temperature stability of analog output - 25+10°C +2.5 %
Comparator threshold level - Adjustable -
Interface - USB1.1 -
Board dimension - 80 x 55 mm
*6: Photon detection efficiency includes effects of crosstalk and afterpulses.
Note: The last letter of each type number indicates package materials (U: metal, C: ceramic).
| =W C10751 series (Conforms to CE marking)
This MPPC module conforms to EU EMC directives (applicable
standards: EN61326 Class B) and has an FC-type optical fiber con-
nector for easy coupling to an optical fiber.
:I Specifications (Typ. Ta=25 °C, unless otherwise noted)
Parameter Symbol Condition C10751-01 [ C10751-02 [ C10751-03 Unit
S10362-11 series
Internal MPPC - 025U \ 050U \ -100U i
Effective active area - 1x1 mm
Number of pixels - 1600 \ 400 \ 100 -
Peak sensitivity wavelength Ap 400 nm
Analog output voltage - 100 mV/p.e.
Dark count - 0.5 p.e. 500 600 900 keps
Photon detection efficiency *° PDE A=Ap 25 50 65 %
Temperature stability of analog output - 25+10°C +2.5 %
Comparator threshold level - Adjustable -
Interface - USB1.1 -
Dimension - 90.7 x 77 x 35 mm

*5: Photon detection efficiency includes effects of crosstalk and afterpulses.

6
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:l Block diagram

MPPC module

High-voltage
Voltage generator
controller
MPPC usB

Microcomputer interface

Temperature > =
sensor Counter

Current-to-voltage
conversion amp ‘ Comparator

v

Analog output‘ ‘ Digital output ‘

KACCCO0343EA

:l Measurement example

| Analog output (C10507-11-025U) | | Analog output (C10507-11-050U) | | Comparator output

TTL compatible

Time (4 ns/div) Time (4 ns/div.)

:l Connection example

To use the MPPC module, it must be connected to a PC through a USB 1.1 interface. The MPPC is powered by the USB bus power
from the PC. Various MPPC module operations are performed on the PC, and the measurement data can be monitored on the PC. Con-
necting the analog output to an oscilloscope allows monitoring the output waveforms. Connecting the comparator output to a frequen-

cy counter allows obtaining the count value.

Oscilloscope

Frequency counter

Analog output - Ze i

I ooe
\ Comparator = =

output
| '

. N ¥ PC

B N (with supplied software installed)
source oton
MPPC module
C10507-11 series
USB cable * [
(accessory of

MPPC module)
—

Object

KACCCO373EA



:I Sample software (supplied)

The sample software is designed to easily perform basic MPPC
module operations. Using the sample software makes it easy
to perform measurements using the MPPC module. Basic func-
tions of the sample software are acquiring data, displaying
measurement data graphs, and saving data.

System requirements for sample software
The sample software operation is verified by the following sys-
tems. Operation with other systems is not guaranteed.

Microsoft Windows 2000 Professional SP4 *6
Microsoft Windows XP Professional SP2

To operate the sample software, you must use a PC that meets
the above system requirements. Although there are no other
special requirements, we recommend using a PC with a high-
performance CPU and a large capacity memory. A high-perfor-
mance CPU and large memory are especially important when
operating two or more MPPC modules simultaneously.

:l Example of measuring very low level light

This graph shows an output change when very low level light is
input in dark conditions.

adnii ]
Ti o Bake

£ = |

] -
B Sl Pl

Output at very low light levels

| ) I
! "‘ll‘,.ll-‘l (TR T '-\.%'._!r. W5 "T ‘_.h-. e

1 No. of detected
photons

(AU

Dark output

L=

el i L]

Vertical axis: Number of input counts per gate time setting
Horizontal axis: Time [1 second per scale division (10)]

*6: Microsoft Windows is either registered trademarks or trademarks of Microsoft Corporation in the United States and/or other countries

:l Dimensional outlines (unit: mm)
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C10751 series

1 M)
FI
= Comparator output
(SMB connector)
FC fiber connector | — USB (MiniB) connector

J1L

35
20

%— — 4 @//@

‘ Analog output
77 90.7 (SMB connector)

J1L
57
71

L

.20 50 (4 x) M3 depth 5

:I Option (sold separately)

Both cooled type and scintillator-coupled type MPPC modules are under development.

KACCA0230EA

Fiber adapter A10524 series

A10524 series fiber adapters are designed to couple the MPPC module to an optical
fiber. Two types are available for FC and SMA connectors. Using this adapter allows
efficiently coupling the MPPC module to a GI-50/125 multi-mode fiber. This adapter
screws on for easy attachment.

-;En‘-

A10524-01 (FC type)

HEF

A10524-02 (SMA type)

Coaxial converter adapter A10613 series

A10613 series is a coaxial adapter that converts the SMB coaxial connector for sig-
nal-output on the MPPC module to a BNC or SMA coaxial connector. This adapter al-
lows connecting a BNC or SMA cable to the MPPC module.

==y

A10613-01 (SMB-BNC)

—

A10613-02 (SMB-SMA)

MPPC | 9



Applications

Applications that utilize low-light-level detection

The MPPC is used in diverse applications for detecting extremely weak light at the photon counting level.

The MPPC offers the high-performance needed in photon counting. It offers the advantages of high gain under operation at a
low bias voltage, high photon detection efficiency, high-speed response, high count rate, excellent time resolution, and wide
spectral response range. Because the MPPC is a solid-state device, there are additional benefits, such as high resistance to
shock and impact, no burn-in phenomenon from input light saturation, and photon counting at room temperature since the
MPPC needs no cooling. All these features make the MPPC a substitute for existing detectors that have been used in photon
counting and opens up all kinds of future possibilities.

The fact that the MPPC operation is simple and provides high-performance detection makes it promising for photon counting
applications where extreme photodetector sensitivity is needed. The MPPC is ideal for a wide range of fields including fluores-
cence analysis, fluorescence lifetime measurement, biological flow cytometry, confocal microscopes, biochemical sensors, bio-
luminescence analysis, and single molecular detection.

Another great feature of the MPPC is that it is not susceptible to magnetic fields. This means that, for example, when the MPPC
is used as a detector for a PET (Positron Emission Tomography) scanner, the PET can be integrated into an MRI (Magnetic Res-
onance Imaging) system to create a new type of equipment. Furthermore, the MPPC can be put into use in high energy physics
experiments because of features, such as room temperature operation, low bias voltage, and small size suitable for high densi-
ty assembly.

:I Examples of MPPC applications

PET_ Fluorescence measurement
HEP calorimeter Neutrino detection

25 ym pitch 50 um pitch 100 pm pitch
1600 pixels 400 pixels 100 pixels

Dynamic range Wide Narrow
Fill factor Low High
(10 to 40 %) (to 90 %)

KAPDCOO038EA

In PET scanners and high-energy calorimeter applications, the number of incident photons is usually large so the MPPC with
wide dynamic range, large number of pixels and small pixel pitch is used.

High photon detection efficiency is essential in applications, such as fluorescence measurement and Cherenkov light detection
where the number of incident photons is extremely small. In these fields, the MPPC with small number of pixels, large pitch
and high fill factor is used.

10 | mppC
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Characteristics and use

3-1

Geiger mode

Geiger mode is a method for operating an APD at a reverse
voltage higher than the breakdown voltage. A high electric
field is produced in the APD during Geiger mode so that a dis-
charge occurs even from a weak light input. This phenomenon
is known as “Geiger discharge”. The electron gain at this point
is as high as 10° or 10° and the magnitude of the output cur-
rent is constant regardless of the number of input photons.
Connecting a quenching resistor to a Geiger mode APD con-
figures a circuit that outputs a pulse at a constant level when it
detects a photon.

[Table 1] Operation modes of APD

Operation mode Reverse voltage Gain
Below breakdown Dozens to
Normal mode voltage several hundred

Above breakdown

5 6
voltage 105 to 10

Geiger mode

[Figure 1] Geiger mode APD and quenching resistor——

VR (>VeR)

Photon
Quenching resistor

Geiger mode APD

VR : Reverse voltage
VeR: Breakdown voltage
KAPDCO0023EA

3-2

Operating principle

MPPC is made up of multiple APD pixels connected in paral-
lel and operated in Geiger mode (Figure 2). When photons
enter each APD pixel during Geiger mode, the pulse output
from the pixel is constant regardless of the number of pho-
tons. This means that each APD pixel only provides informa-
tion on whether or not it received one or more photons. A
quenching resistor is connected to each APD pixel to allow
output current to flow through it. Since all APD pixels are
connected to one readout channel, the output pulses from
the APD pixels overlap each other, creating a large pulse. By
measuring the height or electrical charge of this pulse, the
number of photons detected by the MPPC can be estimated.

Qout = C x (VR - VBR) x Nfired - 1)

C: Capacitance of one APD pixel
Nfired: Number of APD pixels that detected photons
11

[Figure 2] Equivalent circuit

[

Quenching resistor

APD pixel
\\in geiger mode

KAPDCO029EA

3-3

Gain measurement

Gain can be estimated from the output charge of the MPPC
that detected photons. The gain varies with the reverse
voltage applied to the MPPC. Figure 3 below shows a
typical connection for gain measurement.

[Figure 3] Connection diagram for gain measurement setup
(using charge amplifier)

Photon

Optical fiber

Pulse light MPPC
source

—

Trigger from pulse light source KAPDCOO31EA

Pulsed light is sufficiently reduced in intensity by the optical
attenuator and is irradiated onto the MPPC. The MPPC
output is then processed by the PC to obtain a frequency
distribution for that output charge. A distribution example
is shown in Figure 4.

[Figure 4] Frequency distribution example of output charge

1600 T
1p.e.

/] |
1400 2p.e.

1200

1000

800

600 [—

400

200
: Uan

1 131 261 391 521 651 781 911 1041117113011431 15611691

Frequency (number of events)

Channel
KAPDBO136EA



In Figure 4, the horizontal axis is the ADC channels that rep-
resent the amount of digitized output charge from the
MPPC. The ADC conversion rate (electric charge per chan-
nel) in Figure 4 is 0.382 fC/ch. The output charge is increas-
ing to the right on the horizontal axis. The vertical axis is
the frequency (number of events) at each channel (output
charge). As can be seen from Figure 4, the distribution
curve is separate, indicating output results characteristic of
the MPPC. The peak of each curve starting from the left
shows: the pedestal, 1 p.e. (one photon equivalent), 2 p.e., 3
p.e., etc. This example indicates that pulsed light of mostly
one or two photons strikes the MPPC.

The distance between adjacent peaks exactly equals the
output charge of one detected photon. The gain (multiplica-
tion) is therefore expressed by the following equation.

Number of channels between 2 peaks x ADC conversion rate
1 electron charge

Gain =

~(2)

The number of channels between two adjacent peaks is 130
ch as seen from Figure 4, the ADC conversion rate is 0.382
fC/ch, and the electric charge of an electron is 1.6 x 10° C,
so the gain can be given as follows:

130 x 0.382 x 10°%5

T6.10®  =310x10°

To enhance accuracy, the gain is calculated by averaging
the peak values between multiple channels.

3-4

Gain characteristic

B Gain linearity
The MPPC gain has an excellent linearity near the recom-
mended operating voltage.

[Figure 5] Gain vs. reverse voltage
(a) S10362-11-025U/C
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(b) S10362-11-050U/C
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n
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(c) S10362-11-100U/C

35 % 10° (Ta=25 "C)

3.0x10°

25x10° //
2.0x10° /
15x10° //

1.0x 10° /

Gain

5.0x 10°

0
68.9 69.1 69.3 69.5 69.7 69.9 70.1 70.3 70.5 70.7

Reverse voltage (V) KAPDBOL49EA

B Temperature characteristic of gain

The MPPC gain is temperature dependent. As the tempera-
ture rises, the lattice vibrations in the crystal become stron-
ger. This increases the probability that carriers may strike
the crystal before the accelerated carrier energy has be-
come large enough, and make it difficult for ionization to
occur. Moreover, as the temperature rises, the gain at a
fixed reverse voltage drops. In order to obtain a stable out-
put, it is essential to change the reverse voltage according
to the temperature or keep the device at a constant temper-
ature.

12| MpPC



[Figure 6] Reverse voltage vs. ambient temperature ——  °  [Figure 7] Gain variation vs. temperature (at constant voltage)
(a) S10362-11-025U/C . (a) S10362-11-025U/C
— 5y
73 (M=2.75 x 10) 50x10°
& . 40x10°
! : \\
S / : 3.0x10°
8 .
§ 70 . '% M = 2.75 x 10°
@ . o I~
1% 5
o / 2.0x10
g 69 .
24
10x10°
68
67 . 0
20 -10 0 10 20 30 40 50 : 0 10 20 30 40
Ambient temperature ("C) . Ambient temperature (°C)
KAPDBO0142EB N KAPDBO0152EA
(b) S10362-11-050U/C . (b) S10362-11-050U/C
— 5y
72 (M=75x 107 2.0 % 10°
71 :
: 15x10°
= 70 // . \
gﬁ / : \
g .
E 69 A : = 10x10°
- / . 1)
o / .
[ .
> / _ 5
g @ v : M =7.5x 10 AN
/ . 50x10°
67 .
66 : 0
20 -10 0 10 20 30 40 50 . 0 10 20 30 40
Ambient temperature (°C) . Ambient temperature ('C)
KAPDBO150EA . KAPDBO153EA
(c) S10362-11-100U/C . (c) S10362-11-100U/C
— 61
72 (M=2.4x10) 5.0 % 10°
71 . ;
: 40x10
2 70 . \
) / . 3.0x10°
8 . o M= 2.4 x 10° \
S 69 : g
[}
5 / : 20x10° \\
2 68 .
e .
/ . 1.0x10°
67 .
66 . 0
20 -10 0 10 20 30 40 50 . 0 10 20 30 40
Ambient temperature (°C) . Ambient temperature ('C)
KAPDBO151EA . KAPDBO154EA

MPPC | 13



@ Characteristics and use

3-5

Setting the photon detection threshold,
Dark count measurement

The MPPC is a solid-state device so it generates noise due
to thermal excitation. The noise component is amplified in
Geiger mode operation and the original photon detection
signal cannot be discriminated from the noise. This noise
occurs randomly so its frequency (dark count) is a crucial
parameter in determining MPPC device characteristics.

The dark count in the MPPC is output as a pulse of the 1 p.e.
level, making it difficult to discern a dark count from the out-
put obtained when one photon is detected. However, it is
very unlikely that dark counts at 2 p.e., 3 p.e. or 4 p.e. level
are detected. This means that, when a large amount of pho-
tons are input and detected, the effects of dark counts can be
virtually eliminated by setting a proper threshold level. If the
time at which light enters the MPPC is known, the effects of
dark counts during measurement can be further reduced by
setting an appropriate gate time.

B Setting the photon detection threshold
(when counting the number of times that a certain
number of photons are simultaneously detected)

Connecting an amplifier to the MPPC and measuring the
height of the output pulses allow counting the number of
times that a certain number of photons are simultaneously
detected. This section explains the method for measuring
the number of pulses exceeding a threshold with a frequen-
cy counter *. The threshold is set, as shown in Figure 9, ac-
cording to the number of photons which were input before
measurement.

* An instrument for measuring the number of pulses ex-
ceeding a threshold level.

[Figure 8] Dark count measurement setup———

Multiplied MPPC output

Photon

MPPC Linear amp

Optical fiber Frequency counter
S —
(ool

Optical
Pulse attenuator
light

source

Oscilloscope

—
Trigger from pulse light source

KAPDCO032EB

(1) Counting the number of times that one or more pho-
tons are detected

Set the threshold at one-half (0.5 p.e.) height of the “1 p.e.”

(Refer to Figure 9). Counting the number of pulses that ex-

ceeds this threshold gives the number of times that one or

more photons are detected.

[Figure 9] MPPC output waveform seen on oscilloscope

Voltage

50 mV

(2) Detecting two or more (or N or more) photons
simultaneously

To count the number of times that two or more photons are
detected simultaneously, set the threshold at the midpoint
(1.5 p.e.) between “1 p.e.” and “2 p.e.”. To count the number
of times that N or more photons are simultaneously detected,
set the threshold at a point of “N - 0.5 p.e.”. Counting the
number of pulses that exceed the threshold gives the number
of times that N or more photons are simultaneously detected.

l Dark count and crosstalk

The number of output pulses measured with no light incident
on the MPPC under the condition that the threshold is set at
“0.5 p.e.” is usually viewed as a dark count (0.5 p.e. thr.). In
some cases, the threshold set at “1.5 p.e” for measurement
of the dark count (1.5 p.e. thr.) is used to evaluate crosstalk.

14

MPPC



3-6

Dark count rate

Measurement examples of dark count rate are indicated
below.

[Figure 10] Dark count vs. reverse voltage
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(c) S10362-11-100U/C
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[Figure 11] Dark count vs. ambient temperature
(a) S10362-11-025U/C
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O Characteristics and use

(c) S10362-11-100U/C
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3-7

Photon detection efficiency (PDE),
Dynamic range

Photon detection efficiency is a measure that indicates
what percentage of the incident photons is detected. Not
all carriers generated by the incident photons will create
pulses large enough to be detected, so photon detection ef-
ficiency is expressed as the following equation. Photon de-
tection efficiency increases as the bias voltage is increased.

PDE = Quantum efficiency x Fill factor x Avalanche probability --- (3)

Effective pixel size
Total pixel size

Number of excited pixels
Number of photon-incident pixels

Fill factor = , Avalanche probability =

The fill factor has a trade-off relation with the total number
of pixels.

[Figure 12] Spectral response example
(a) S10362-11-025U/-050U/-100U
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(b) S10362-33-050C
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On the other hand, the total number of pixels determines
the dynamic range for the simultaneously incident pho-
tons. Since each pixel only detects whether or not one or
more photons have entered, the photon detection linearity
lowers if the number of incident photons becomes large rel-
ative to the total number of pixels. This is because two or
more photons begin to enter individual pixels.

-Nphoton x PDE
ANphoton x PDE) ] @)

Nfired = Ntotal x [1 - exp ( Ntotal

Nfired : Number of excited pixels
Ntotal : Total number of pixels
Nphoton: Number of incident photons

[Figure 13] Number of excited pixels vs. number of incident photons
(Theoretical values for 100-pixel MPPC)
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When a charge amplifier is used to measure the incident
light having a certain time width, the substantial dynamic
range widens. This is because, after a certain time period,
the pixels which have produced pulses are restored to a
state capable of detecting the next photons again. The time
required for pixels to be restored 100 % is approximately 20
ns for the S10362-11-025U/C, 50 ns for the S10362-11-
050U/C, and 100 to 200 ns for the S10362-11-100U/C. Figure
14 shows an output waveform measured when pulsed light
enters a particular pixel of the S10362-11-050U/C, at a peri-
od nearly equal to the pulse width. It can be seen that the
pulse is restored to a height equal to 100 % of output.

[Figure 14] Pulse level recovery (S10362-11-050U/C) —
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If the next input pulse enters before the output pulse is
completely restored, then a pulse smaller than expected is
output. (The latter part of the pulse indicates the process
for charging the pixel. When the next photon is detected be-
fore the pixel is fully charged, the output pulse will have an
amplitude that varies according to the charged level.). Fig-
ure 15 shows pulse shapes obtained when light at different
frequencies was input to a particular pixel of the S10362-
11-050U/C. It is clear that the output pulse is sufficiently re-
stored at frequencies below 20 MHz.

[Figure 15] Pulse shapes obtained when light at different
frequencies was input
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Their values (fill factor, total number of pixels, and dynam-
ic range) determine possible applications suitable for the
MPPC. (Refer to page 10.)
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Photon detection efficiency
measurement

This section describes how to calculate the photon detec-
tion efficiency from the MPPC output current using a mono-
chromator.

[Figure 16] Measurement setup for MPPC photon
detection efficiency (using monochromator)

Ammeter
Light

Light source
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First, a photodiode with known spectral response character-
istics is prepared. Based on its photo sensitivity at a given
wavelength (ratio of photocurrent to incident light intensity,
expressed in A/W units), the “number of photons incident
on the photodiode” can be calculated from the photocur-
rent.

Next, the MPPC is installed in the same position as the pho-
todiode and the MPPC spectral response is then measured.
The gain obtained when a reverse voltage is applied should
already be known by checking it beforehand. By dividing
the photocurrent obtained from the spectral response
measurement by the electric charge (1.6 x 107'° C) of an
electron, the “Number of photons detected by the MPPC”
can be found.

The MPPC photon detection efficiency is then calculated as
follows:

Photodiode active area

PDE = Number of photons detected by MPPC
MPPC active area

" Number of photons incident on photodiode X

- (5)

Note: Since the number of photons detected by the MPPC is
calculated from the photocurrent, the photon detec-
tion efficiency obtained by the above equation also
takes into account the effects from crosstalk and after-
pulses.
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3-9

Time jitter of signal output

Like all other photodetectors, the MPPC signal output con-
tains time jitter.

(1) A time jitter is present from the time a photon en-
ters the MPPC until the output pulse appears.

Output pulse (less delayed)

Voltage

\Delayed

Time jitter after a photon enters until the
output pulse appears.

\

Time
KAPDCOO35EA

(2) When two photons enter the MPPC in a time period
(between t1 and t2) shorter than the time jitter, then
those two output pulses are embedded within the
time jitter range, so the MPPC cannot measure the
time difference between the two detected photons.

A

Pulse produced by a photon that
entered at time t1

Voltage

Pulse produced by a photon
that entered at time t2

\j

Time difference between detected photons

Time
KAPDCO036EA

(3) When two photons enter the MPPC with a time peri-
od longer than the time jitter, the MPPC can measure
the time difference between the two detected pho-

tons.

Pulse produced by a photon
that entered at time t1

Voltage

Pulse produced
by a photon that
entered at time t3

o

Time difference between detected photons

Time
KAPDCOO037EA

As shown above, time jitter of signal output has significant
effects on detector time resolution. As an example for
measuring the MPPC time resolution, the transit time
spread measurement technique is described in the next sec-
tion “3-10".

3-10

Time resolution measurement
(by Transit Time Spread)

Time resolution is an important factor in applications re-
quiring time accuracy.

The MPPC time resolution is obtained from the time jitter
distribution. Figure 17 shows a time jitter distribution graph
in which the horizontal axis represents the channel and the
vertical axis the frequency. The time resolution is defined
as the FWHM that is found by fitting this distribution using
multiple Gaussian functions and a constant.

[Figure 17] Pulse response distribution

1 ch=2.6 ps,
1400 { ps)
—~ 1200 =
%) %
? e
2 1000 + ;5
S !
A 4
[0}
R P
£ 3 .
2 FWHM &
£ 600 y i
> J 1§
2 g 3
< ML
S 400 & 4
g ,' 1 1 ‘{,‘
I3 I
" 200 £ "..\
5! 1
| i Noays. -~
0
4100 4200 4300 4400 4500 4600 4700
Channel

KAPDBO137EA

18 | MPPC



O cCharacteristics and use

MPPC

A connection diagram for MPPC time resolution measure-
ment is shown below.

[Figure 18] Connection diagram for time resolution measurement

Photon

0=
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Stop signal

Pulse light
source

Amp

—
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CFD : Constant Fraction Discriminator
TAC : Time-to-Amplitude Converter

MCA: Multichannel Analyzer
KAPDCOO30EA

3-11
Trade-off of MPPC specifications

The pulse light source emits photons and simultaneously
sends a start signal to the TAC. The TAC starts measuring
the time upon receiving the start signal. Meanwhile, the
photons enter the MPPC and the detected signals are am-
plified by the amplifier and sent to the CFD. The TAC re-
ceives each signal from the CFD as a stop signal and then
provides a pulse output proportional to the time from when
a photon entered the MPPC until the signal is measured.
The MCA analyzes the pulses received from the TAC and
sorts them into different channels according to pulse
height. The data stored in the MCA displays a frequency
distribution of MPPC responses (Figure 17).

Gain Dark count Crosstalk Afterpulse PDE Time resolution

Increasing reverse voltage A A A A A A
Decreasing reverse voltage v v v v v v
Increasing ambient temperature

. - A - v - -
(at constant gain)
Decreasing ambient temperature

. - v - JAN - -
(at constant gain)

A Increases
¥ Decreases

- : Depends on conditions (or does not change)

The following table shows characteristics that change when the reverse voltage and ambient temperature are changed. Vari-
ous characteristics change depending on the reverse voltage applied to the MPPC. For example, the gain, PDE (photon detec-
tion efficiency), and time resolution can be improved by increasing the reverse voltage. However, this is also accompanied by
an increase in the dark count, crosstalk, and afterpulses. Take this trade-off into account when using the MPPC.
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Description of terms

[Afterpulse]

Afterpulses are spurious pulses following the true signal,
which occur when the generated carriers are trapped by
crystal defects and then released at a certain time delay. Af-
terpulses cause detection errors. The lower the tempera-
ture, the higher the probability that carriers may be trapped
by crystal detects, so afterpulses will increase.

[Crosstalk]

In an avalanche multiplication process, photons might be
generated which are different from photons initially inci-
dent on an APD pixel. If those generated photons are detec-
ted by other APD pixels, then the MPPC output shows a val-
ue higher than the number of photons that were actually
input and detected by the MPPC. This phenomenon is
thought to be one of the causes of crosstalk in the MPPC.

[Dark count]

Output pulses are produced not only by photon-generated
carriers but also by thermally-generated dark current carri-
ers. The dark current pulses are measured as dark count
which then causes detection errors. Although increasing the
reverse voltage improves photon detection efficiency, it
also increases the dark count. The dark count can be re-
duced by lowering the temperature.

[Excitation]

This is a phenomenon in which electron-hole pairs are gen-
erated in a photodiode by the energy of input photon when
the photon energy is greater than the band gap.

[Fill factor]
The ratio of the active area size of a pixel to the total pixel
size including circuits.

[Gain (Multiplication)]
The ratio of the number of multiplied electrons to one elec-
tron excited by one photon incident on the APD.

[Geiger discharge]

When an APD is operated at a reverse voltage higher than
the breakdown voltage, a high electric field is produced, so
that a discharge occurs even from a weak light input. This
phenomenon is “Geiger discharge”.

[Geiger mode]

Operation mode in which an APD is operated at a reverse
voltage higher than the breakdown voltage. Geiger mode
operation makes it possible to detect single photons.

[Multi-channel Analyzer: MCA]

This is a pulse height analyzer for analyzing and sorting the
input analog pulses into different channels according to
pulse height.

[p.e]

This is an abbreviation for “photon equivalent”.

Example: 1 p.e pulse = pulse with amplitude equivalent to
one detected photon (including noise compo-
nent)

[Time-to-Amplitude Converter: TAC]
Instrument for generating an output pulse height repre-
senting the time difference between two input signals.

[Time resolution]

The output pulse timing from an APD pixel may vary with
the position of the APD pixel where a photon entered or
with the photon input timing. Even if photons simultane-
ously enter different pixels at the same time, the output
pulse from each pixel will not necessarily be the same time
so that a fluctuation or time jitter occurs. When two pho-
tons enter APD pixels at a certain time difference which is
shorter than this jitter, then that time difference is impossi-
ble to detect. Time resolution is the minimum time differ-
ence that can be detected by APD pixels and is defined as
the FWHM of the distribution of the time jitter.

[Photon detection efficiency: PDE]

This is a measure of what percent of the incident photons
were detected. Photon detection efficiency (PDE) is ex-
pressed by the following equation.

Pa becomes larger as the reverse voltage is increased.

PDE = QE x fg x pa

QE: Quantum efficiency
fg : Geometric factor
Pa: Avalanche probability

[Quantum efficiency: QE]

Quantum efficiency is a value showing the number of elec-
trons or holes created as photocurrent divided by the num-
ber of incident photons, and is usually expressed as a per-
cent. Quantum efficiency QE and photo sensitivity S (in
A/W units) have the following relationship at a given wave-
length A (in nm units).

QE

:% x 100 [%]

[Quenching]
This is the process of decreasing the voltage from VR to
VBR to stop the Geiger discharge.

20

MPPC



References

IEEE, “2006 Nuclear Science Symposium” record CD-ROM

1) “Development of Multi-Pixel Photon Counters”

S. Gomi, M. Taguchi, H. Hano, S. Itoh, T. Kubota, T. Maeda, Y. Mazuka, H. Otono, E.Sano, Y. Sudo,
T. Tsubokawa, M. Yamaoka, H. Yamazaki, S. Uozumi, T. Yoshioka, T. lijima, K. Kawagoe, S. H. Kim,
T. Matsumura, K .Miyabayashi, T. Murakami, T. Nakadaira, T. Nakaya, T. Shinkawa, T. Takeshita, M. Yokoyama, and K. Yoshimura

2) “Development of Multi-Pixel Photon Counter (MPPC)”
K. Yamamoto, K. Yamamura, K. Sato, T. Ota, H. Suzuki, and S. Ohsuka

© IEEE, 2006 Nuclear Science Symposium, 29th Oct. to 4th Nov., 2006, San Diego, California

IEEE, “2007 Nuclear Science Symposium” record CD-ROM

1) “Development of Multi-Pixel Photon Counter (MPPC)”
K. Yamamoto, K. Yamamura, K. Sato, S. Kamakura, T. Ota, H. Suzuki, S. Ohsuka

2) “Study of the Multi Pixel Photon Counter for the GLD Calorimeter”

S. Uozumi et al.,
On behalf of the GLD Calorimeter Group / KEKDTP Project Photon Sensor Group

© IEEE, 2007 Nuclear Science Symposium, 27th Oct. to 3th Nov., 2007, Honolulu, Hawaii

http: //Iwww-conf.kek.jp/PD0O7/

International workshop on new photon-detectors PD07, 27th Jun. to 29th Jun. 2007 kobe, Japan

MPPC | 21



@ Copies of the full warranty can be obtained prior to the purchase of products by contacting your local HAMAMATSU sales
office.

HAMAMATSU makes no other warranties, and any and all implied warranties of merchantability, or fitness for a particular
purpose, are hereby disclaimed. The customer is responsible for use of the product in accordance with HAMAMATSU's
instructions and within the operating specifications and ratings listed in this catalogue. HAMAMATSU shall not be
responsible for the customer's improper selection of a product for a particular application or otherwise. No warranty will
apply if the products are in any way altered or modified after delivery by HAMAMATSU or for any intentional misuse or
abuse of the products. Proper design safety rules should be followed when incorporating these products into devices that
could potentially cause bodily injury.

HAMAMATSU's liability on any claim for loss or damage arising out of the supplying of any products, whether based on
contract, warranty, tort (including negligence and for property damage or death and bodily injury) or other grounds, shall
not in any event exceed the price allocable to such products or a part thereof involved in the claim, regardless of cause or
fault. In no event shall HAMAMATSU be responsible to the customer or any third party for any consequential, incidental or
indirect damages, including but not limited to loss of profits, revenues, sales, data, business, goodwill or use, even if the
company has been advised of the possibility of such loss or damage. The limitation of liability set forth herein applies both
to products and services purchased or otherwise provided hereunder. This warranty is limited to repair or replacement, at
the sole option of HAMAMATSU, of any product which is defective in workmanship or materials used in manufacture. All
warranty claims must be made within 1 year from the date of purchase or provision of the products or services.

Products that are amenable to repair shall be done so either under warranty or pursuant to a separate repair agreement.
Some products cannot be repaired either because of the nature or age of the product, the unavailability of spare parts, or
the extent of the damage is too great. Please contact your local HAMAMATSU office for more details.

® The products described in this catalogue should be used by persons who are accustomed to the properties of
photoelectronics devices, and have expertise in handling and operating them. They should not be used by persons who
are not experienced or trained in the necessary precautions surrounding their use.

® The information in this catalogue is subject to change without prior notice

@ Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible
inaccuracies or omissions.

@ No patent rights are granted to any of the circuits described herein.

22

MPPC



HAMAMATSU

HAMAMATSU PHOTONICS K.K., Solid State Division
1126-1, Ichino-cho, Higashi-ku, Hamamatsu City, 435-8558, Japan
Telephone: (81)53-434-3311, Fax: (81)53-434-5184

www.hamamatsu.com

Main Products

Si photodiodes

APD

Photo IC

Image sensors

X-ray flat panel sensors

PSD

Infrared detectors

LED

Optical communication devices
Automotive devices
Mini-spectrometers

High energy particle/X-ray detectors
Opto-semiconductor modules

Hamamatsu also supplies:
Photoelectric tubes

Imaging tubes

Light sources

Imaging and processing systems

o

v

UKAS
QUALITY
MANAGEMENT

001

o

v

UKAS
QUALITY
MANAGEMENT

001

Hamamatsu Photonics K. K.,
Solid State Division has been
approved by Lloyd's Register
Quality Assurance Limited to
the Quality Management Sys-
tem Standard.

Information in this catalogue is
believed to be reliable. However,
no responsibility is assumed for
possible inaccuracies or omissions.
Specifications are subject to
change without notice. No patent
rights are granted to any of the
circuits described herein.

© 2008 Hamamatsu Photonics K.K.

Quiality, technology, and service
are part of every product.

Sales Offices

JAPAN:

HAMAMATSU PHOTONICS K.K.

325-6, Sunayama-cho, Naka-ku

Hamamatsu City, 430-8587, Japan

Telephone: (81)53-452-2141, Fax: (81)53-456-7889

US.A.:

HAMAMATSU CORPORATION

Main Office

360 Foothill Road, P.O. BOX 6910,

Bridgewater, N.J. 08807-0910, U.S.A.

Telephone: (1)908-231-0960, Fax: (1)908-231-1218
E-mail: usa@hamamatsu.com

Western U.S.A. Office:

Suite 200, 2875 Moorpark Avenue

San Jose, CA 95128, U.S.A.

Telephone: (1)408-261-2022, Fax: (1)408-261-2522
E-mail: usa@hamamatsu.com

United Kingdom, South Africa:

HAMAMATSU PHOTONICS UK LIMITED

Main Office

2 Howard Court, 10 Tewin Road, Welwyn Garden City,
Hertfordshire AL7 1BW, United Kingdom

Telephone: (44)1707-294888, Fax: (44)1707-325777
E-mail: info@hamamatsu.co.uk

South Africa office:

PO Box 1112

Buccleuch 2066

Johannesburg, South Africa
Telephone/Fax: (27)11-802-5505

France, Portugal, Belgium, Switzerland, Spain:
HAMAMATSU PHOTONICS FRANCE S.AR.L.
19, Rue du Saule Trapu, Parc du Moulin de Massy,
91882 Massy Cedex, France

Telephone: (33)1 69 53 71 00

Fax: (33)1 69 53 71 10

E-mail: infos@hamamatsu.fr

Swiss Office:

Dornacherplatz 7

4500 Solothurn, Switzerland
Telephone: (41)32/625 60 60,
Fax: (41)32/625 60 61

E-mail: swiss@hamamatsu.ch

Belgian Office:

Scientific Park,

7, Rue du Bosquet

B-1348 Louvain-La-Neuve, Belgium
Telephone: (32)10 45 63 34

Fax: (32)10 45 63 67

E-mail: epirson@hamamatsu.com

Spanish Office:

Centro de Empresas de Nuevas Tecnologies
Parque Tecnologico del Valles

08290 CERDANYOLA, (Barcelona) Spain
Telephone: (34)93 582 44 30

Fax: (34)93 582 44 31

E-mail: spain@hamamatsu.com

Germany, Denmark, Netherlands, Poland:
HAMAMATSU PHOTONICS DEUTSCHLAND GmbH
Arzbergerstr. 10,

D-82211 Herrsching am Ammersee, Germany
Telephone: (49)8152-375-0, Fax: (49)8152-2658

E-mail: info@hamamatsu.de

Danish Office:
Please contact Hamamatsu Photonics
Deutschland GmbH

Mixed Sources

Product group from well-managed

forests and other controlled sources

wwwfscorg Cert no. SGS-C0C-001209 Py
© 1996 Forest Stewardship Council }

Netherlands Office:

PO BOX 50.075, 1305 AB ALMERE, The Netherlands
Telephone: (31)36-5382123, Fax: (31)36-5382124
E-mail: info@hamamatsu.nl

Poland Office:

02-525 Warsaw,

8 St. A. Boboli Str., Poland

Telephone: (48)22-660-8340, Fax: (48)22-660-8352
E-mail: jpaszak@hamamatsu.de

North Europe and CIS:

HAMAMATSU PHOTONICS NORDEN AB
Smidesvégen 12

SE-171 41 Solna, Sweden

Telephone: (46)8-509-031-00, Fax: (46)8-509-031-01
E-mail: info@hamamatsu.se

Russian Office:

Riverside Towers

Kosmodamianskaya nab. 52/1, 14th floor
RU-113054 Moscow, Russia
Telephone/Fax: (7) 495 411 51 54

E-mail: info@hamamatsu.ru

Italy:

HAMAMATSU PHOTONICS ITALIA S.R.L.
Strada della Moia, 1/E

20020 Arese, (Milano), Italy

Telephone: (39)02-935 81 733

Fax: (39)02-935 81 741

E-mail: info@hamamatsu.it

Rome Office:

Viale Cesare Pavese, 435

00144 Roma, Italy

Telephone: (39)06-50513454, Fax: (39)06-50513460
E-mail: inforoma@hamamatsu.it

Hong Kong:

HAKUTO ENTERPRISES LTD.

Units 709-712, 7/F, Miramar Tower,

132 Nathan Road, Tsimshatsui, Kowloon, Hong Kong
Telephone: (852)2578-4921, Fax: (852)2807-2498

Taiwan:

HAKUTO TAIWAN LTD.

6F, N0.308, Pa teh Road, Sec, 2,
Taipei, Taiwan R.O.C.
Telephone: (886)2-8772-8910
Fax: (886)2-8772-8918

KORYO ELECTRONICS CO., LTD.

9F-7, No.79, Hsin Tai Wu Road

Sec.1, Hsi-Chih, Taipei, Taiwan, R.O.C.

Telephone: (886)2-2698-1143, Fax: (886)2-2698-1147

Republic of Korea:

SANGKI TRADING CO., LTD.
Suite 431, World Vision BLDG.
24-2 Yoido-Dong
Youngdeungpo-Ku

Seoul, 150-877

Telephone: (82)2-780-8515
Fax: (82)2-784-6062

Singapore:

HAKUTO SINGAPORE PTE LTD.

Block 2, Kaki Bukit Avenue 1, #04-01 to #04-04
Kaki Bukit Industrial Estate, Singapore 417938
Telephone: (65)67458910, Fax: (65)67418200
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